A robust hybrid control method for robot manipulators is proposed which integrates an H a controller and an adaptive controller. The H a controller is used to minimize the effect of parameter uncertainties of the robot model on the tracking performance, while the adaptive controller continuously adjusts the model parameters to reduce the model error. Simulations show that disturbances generated from the model error will be quickly compensated and so small tracking errors can be achieved.
I. INTRODUCTION
The popularly known computed-torque method [l] that makes use of a robot model to synthesise the controller has been shown to be effective for controlling robot manipulators. However the control scheme relies on an accurate robot model which is not always available. Uncertainties of model parameters can be a serious obstacle in robot control. Various methods have been proposed to combat robot model uncertain ties.
In general, these methods can be divided into two major categories -the adaptive control scheme and the robust control scheme. Adaptive control methods usually rely on an adaptive algorithm which changes the robot model parameters on an on-line basis [2][4]. The estimated model parameters are adjusted based on the tracking error of the robot. Theoretically, tracking errors will converge to zero asymptotically for any initial condition. Persistent excitation is usually needed for convergence.
Another control scheme used is the robust control such as variable-structure control (VSC) [ . In variable-structure control, the tracking error of the joint motion wdl be forced to zero by applying a non-linear switclung torque. Traclung errors will "slide" along the "sliding surface" and reach the origin of the sliding plane despite input disturbances and model errors.
The major disadvantage of VSC is the chattering motion generated by the applied switching torque and the finite switching frequency. One remedy is to introduce a boundary layer in the switching controller [SI which reduces the change of the applied torque when the error is small.
In another approach, Ha control with robust properties [9] is used to minimize the effect of parameter uncertainties on the tracking error. The advantage of this kind of controller is its simplicity and fixed structure. No adaptation is needed and so the on-line computational requirement is modest.
The disadvantage, however, is the lack of self-adjustment of model parameters to deal with large environmental changes such as a sudden change of the payload.
In this paper, a hybrid control scheme is proposed to control a robot in the face of uncertainties. The controller is composed of an adaptive controller and an H Q controller. Using the H" optimization method, a linear controller is synthesized to reject the effect of model errors represented in the form of input disturbances.
On the other hand, the adaptive controller adjusts the estimates of the model parameters continuously according to the tracking errors. Theoretically, the tracking errors will converge to zero and the overall system is robust against input disturbances. The results will be illustrated by means of a simulation study.
MODEL-BASED ROBOT CONTROLLER
The basic model-based robot controller (computedtorque method) relies on feedback linearization of the robot model. Let the robot manipulator be modelled as n-serial-chain rigid body [l] in the following form:
where T is the n x l vector of the generalized joint torques supplied by the actuators, 0 is the n x 1 vector of joint angle variables, is the n x n inertia matrix of the robot and N is the combined n x l vector of the Coriolis, centrhgal, gravitational and frictional torque components.
By means of feedback lmearization, the required where v is the output of an H"controller and all other applied torque vector of the actuators is given by As a result, the terms in (2.3) are kept unchanged. error dynamics becomes
where 2, k are the estimated matrix and vector of M and N respectively, and The problem is then to find an Hm controller such that the effective transfer function from q to e is minimal. 
connected together in the form of a linear hactional transformation. Using the packed matrix notation, let P ( s ) have a
This shows that the tracking error dynamics is forced by a "disturbance" q generated by the differences between the estimated model parameters and the true parameters. In the next section, we wdl show how the that better tracking results can be obtained.
DESIGN OF H" CONTROLLER FOR
in which effect of model error can be reduced by H a control so The overall state-space representation of the error system can be written as : 
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Since the format of the overall system is the same as (3.13), we will develop out results without frequencydependent weights in the remaining sections. 
ADAPTIVE CONTROLLER
We wish to find a controller K E §', where S' is the set shows the 'lock diakTanl Of a robot manipulator controlled by a hybrid controller. adaptive The of all stabilizing controllers for the plant ~( s ) , such that is used to tune the model the function to has a (Or parameters on an o n -h e basis to reduce the estimated Fig. 3 . Block diagram of the hybrid !!"/adaptlvc controller model error. The purpose of adaptation is to enable the system to adapt to parameter changes.
k t C' = p~' and E, = c"x. we set Different adaptation algorithms may be used provided &=-rwrM-'E, that linear error dynamics can be maintained. In the present study, an algorithm which has been used in purely adaptive manipulator control is considered for the hybrid control scheme. The result is an even more robust controller with reduced manipulator tracking errors. where B' is the matrix extracted from B' to exclude we and we, @ is the difference between the true model parameter vector and the corresponding estimate, and W is the matrix formed after parameterization. We can exclude the observation noise because it is assumed that no observation noise is present in the synthesis of the adaptive controller and so we can set w e and wq to zero. The simulation results show that the best performance is achieved by the hybrid controller. Errors occuring at the turning point of the trajectory are due to the direction change of the Coulomb hction. With the adaptive controller, such errors can be smoothed out and so gives a better trackmg properties.
With the

CONCLUSION
A hybrid H"/adaptive control scheme is proposed to control robot manipulators in the face of uncertainties. By using frequency-dependent weights, the controlled system can be made robust against external disturbances and internal model uncertainties. Simulations show that the hybrid control scheme has better performance than the basic adaptive control scheme for trajectory tracking. It also excels the variable-structure control scheme in terms of chatterfree motion.
From the computational point of view, on-line computation required is about the same as the basic adaptive control scheme. As a large fraction of computation is used to implement the update law for adaptation, the additional computation of the H e controller is neglipble. 
